Compact object binaries, mostly double with dwarfs, are believed to be a potential source of confusionlimited noise for the Laser Interferometer Space Antenna (LISA). In a specific frequency range, this noise may rise above the instrumental noise sources and hence hinder detection of other types of signals, e.g. extreme mass ratio inspirals of stellar mass objects into supermassive black holes. In most previous studies only detached populations of compact object binaries have been considered. Here, we investigate the influence of Galactic populations of compact mass transferring binaries on the shape and strength of the LISA signal and compare our results with the signal for detached binaries only. Our population synthesis includes all binary systems containing two compact remnants. It is found that 99.5% of these systems are double white dwarfs, and therefore we consider only binaries consisting of two white dwarfs when calculating the LISA signal. We find that the mass transferring binaries contributing to the confusion limited noise dominate the population of LISA systems by number (∼ 60%), due to their long lifetimes (∼ few Gyrs). However, due to the very specific physical properties of mass transferring systems, it is found that their contribution to the noise is negligible at low frequencies and detached systems will set the magnitude of the confusion-limited signal in this range. However, the mass transferring systems begin to dominate the signal at higher frequencies (f ∼ > 6 mHz). The transition frequency at which the confusion limited regime becomes important is found at ∼ 4 mHz. The addition of mass transferring systems tends to slightly increase the transition frequency (from ∼ 3.5 to 4 mHz).
INTRODUCTION
Astrophysics of the new millennium moves beyond the electromagnetic spectrum. Several ground based gravitational radiation (GR) observatories are already working and collecting data (TAMA, GEO, LIGO). These detectors are sensitive in a high frequency regime (above a few tens of Hz), where signals are expected to come from mergers of compact stellar mass objects like neutron stars and black holes. However, these types of events are infrequent and their rate estimates are burdened with heavy uncertainties (e.g., Belczynski, Kalogera & Bulik 2002; Kalogera et al. 2004 ) and it is not clear whether any merger detections are likely. The future generation of GR detectors includes LISA, a joint ESA and NASA project. It is a space based interferometer which will be sensitive to lower frequencies (∼ 10 −4 − 1 Hz) than ground based detectors. The different frequency regime will allow for the observations of other types of sources. The most promising sources for LISA are mergers of supermassive and/or intermediate-mass black holes, stellar mass objects inspiraling into much more massive black holes residing in the center of galaxies or dense clusters, and stellar mass close binaries.
At first, it was believed that contact W UMa systems (Mironovskii 1965) would dominate the GR signal at a low frequency range, but early work of Evans, Iben & Smarr (1987) ; Lipunov, Postnov & Prokhorov (1987) and Hils, Bender & Webbink (1990) has shown that close double white dwarf binaries are more important at low frequencies. The binaries will contribute to the LISA signal in two different ways. At low frequencies (∼ 10 −4 − 3 × 10 −3
Hz), predicted binary numbers are so high that the signals from particular systems will not be resolved, and they will form a confusion limited noise. In that frequency range, only binaries that are relatively close to a detector or are strong GR emitters will stand out above the noise. At higher frequencies ( ∼ > 3 mHz), the numbers of systems are relatively small and binaries are expected to be resolved. LISA will be mostly sensitive to Galactic binaries, however a small contribution due to extragalactic systems was also predicted (Hils et al. 1990; Kosenko & Postnov 1998; Farmer & Phinney 2003) . Besides double white dwarf binaries, other close compact binaries including neutron stars and black holes were studied (e.g., Nelemans, Yungelson & Portegies Zwart 2001c) . Some few tens of binaries with compact objects and with orbital periods within the LISA sensitivity range are known in the Galaxy. There are ∼ 13 AM CVn systems (Nelemans 2005) which are RLOF double WD binaries, with the AM CVn prototype on a 17 minute orbit. And there are ∼ 8 ultracompact X-ray binaries, which consist of a WD transferring matter through RLOF to a NS on ∼ 40 minute orbits (Wang & Chakrabarty 2004) . Double neutron stars are also known, however only one such system is observed with a period (of 2.4 hrs) within LISA sensitivity range (Burgay et al. 2003 ). Close binaries with 1 black holes (like BH-BH, BH-NS, BH-WD) have yet to be observed, but they are predicted to populate the Galaxy in smaller numbers than systems with neutron stars and/or white dwarfs (e.g., Nelemans et al. 2001c; Ruiter et al., in preparation) .
Previous work on Galactic compact binary populations in context of LISA, was either done with the exclusion of RLOF systems (Hils et al. 1990; Benacquista, DeGoes, & Lunder 2004; Timpano, Rubbo & Cornish 2005) or with the entire population (both detached and RLOF systems) combined (Nelemans, Yungelson & Portegies Zwart (2004) ) with the exception of Hils & Bender (2000) , who studied AM CVn systems separately using an analytical approach. In this study, we assess the importance of RLOF compact binary populations on the overall LISA sensitivity using the population synthesis method. We also comment on the detectability and selection effects of the resolved systems within our Galaxy. We use an updated population synthesis method with the most recent results on mass transfer/accretion in compact object binaries, which is significantly different and more complex than in previous calculations. The results of our study are compared to previous findings and may indicate where detailed evolutionary calculations for RLOF compact object binaries are necessary (e.g., Deloye & Bildsten 2003; Willems & Kalogera 2005 , in preparation).
MODEL DESCRIPTION

Population synthesis models
In our calculations we use the StarTrack population synthesis code described in detail in Belczynski et al. (2002) to evolve primordial binaries within the Galactic disk. The code has undergone a number of important updates including detailed mass transfer calculations (Belczynski et al. 2005, in preparation) . The most recent results on mass accumulation in the context of ultracompact X-ray binary formation are given in Belczynski & Taam (2004) , while for double white dwarf binaries in Belczynski, Bulik & Ruiter (2005) . The calculations also include full orbital evolution with tidal interactions, magnetic braking and gravitational radiation emission. We evolve the field population of binary stars with a continuous star formation rate and extract at the current age of the Galactic disk (10 Gyrs) the RLOF binaries containing compact remnants: white dwarfs, neutron stars and black holes in the gravitational frequency range: 10 −4 − 1 Hz (orbital periods of 2 sec -5.6 hr) which corresponds to the LISA sensitivity range.
We use the existing calculations of Benacquista & Holley-Bockelmann (2005) to characterize the LISA gravitational radiation signal for detached compact binary remnants. These results were based on evolutionary calculations preformed with the StarLab-SeBa population synthesis code described in Nelemans et al. (2001b) . The Galactic field population of primordial stars was evolved and the detached compact binary remnants were extracted at the current disk age.
Galactic population of compact remnant binaries (CRBs), the combined population of RLOF systems and detached binaries with orbital periods within LISA range is used to calculate the GR signal. Although all types of binaries are included in population synthesis, only double white dwarfs are used to calculate GR signal since they strongly dominate CRB population.
Calibration and Spatial Distribution of Sources
Both detached and RLOF systems have been distributed about the Galaxy assuming no correlation between position and age of the system. The density distribution of systems is taken to have the following form:
where N = 28.6 × 10 6 (see below) is the total number of simulated CRBs in the Galaxy, R and z are galactocentric cylindrical coordinates, and R 0 = 2500 pc and z 0 = 90 pc are the radial and vertical scales of the Galaxy.
The number of CRBs in the context of the GR signal for LISA was estimated by Hils et al. (1990) . In their work they have obtained N = 30 × 10 6 CRBs. However, that estimate seemed to contradict the observed local density of CRBs. Therefore, they reduced the expected number of Galactic CRBs by the factor of ten and finally used N = 3 × 10
6 . Their population of CRBs consisted of detached double close white dwarf binaries only. Population synthesis studies (e.g., Nelemans et al. 2001c; Ruiter et al., in preparation) incorporating current estimates of Galactic star formation rates and SNe rates result in much higher number of Galactic CRBs (N = 80 − 150 × 10 6 ). The low number of CRBs is most probably the result of small scale hight (z 0 ∼ 90 pc) used by Hils et al. (1990) , which leads to higher local density of CRBs. However, Benacquista & Holley-Bockelmann (2005) suggested that scale height for CRB population may be much higher (z 0 ∼ 200 pc) and it seems therefore that a large number of CRBs does not have to stand in conflict with the observed local space density of close double white dwarfs. We address this issue in detail in a separate study (Ruiter et al., in preparation) . However, in this work, we have chosen to calibrate our results to the canonical population of Hils et al. (1990) for straightforward comparison. Although the population synthesis and spatial distribution we use are different from the canonical values of Hils et al. (1990) , we have tried to maintain as close a fidelity to their model as possible. Since Hils et al. (1990) used the local space density to calibrate their total number, we calibrate our total number to maintain the same local space density as the reduced detached CRB population of Hils et al. (1990) .
To populate the Galaxy Hils et al. (1990) used:
where ρ 0 is the central density. Note that our distribution ( 1) includes a more centrally concentrated population (additional 1/R dependence). Therefore, we need to increase the number of simulated CRBs in order to obtain the same local space density as Hils et al. (1990) . This results in a total number of detached binaries that is 4 times larger (12 × 10 6 ) than that of Hils et al. (1990) . This is justified here because (i) we compare our results with their population (and the following work on RLOF systems: Hils & Bender (2000) ), and (ii) we are mostly interested in the relative strength of the signal of RLOF to detached CRBs. We use N = 28.6 × 10 6 CRBs, 12 × 10 6 of which are detached CRBs and correspond most closely to the population of Hils et al. (1990) and the extra 16.6 × 10 6 RLOF CRBs, which were mostly neglected in previous studies (the ratio of RLOF to detached CRBs is a direct result of population synthesis calculations, see § 3.1).
Lisa Signal Calculations
The gravitational wave signal from the LISA data stream will be a time delay interferometry (TDI) variable in which the phases of the laser signals at each vertex of LISA are combined with the phases at other signals at delayed times in order to reduce the laser phase noise and accommodate the varying armlengths of the constellation of spacecraft (Rubbo, Cornish & Poujade 2004) . At low frequencies, the signal at any given vertex can be very well approximated by the Michelson signal:
where h ab is the wave metric and ℓ 1 and ℓ 2 are the unit vectors pointing along the two arms that join at the vertex. The low frequency approximation begins to break down above the transfer frequency at which the gravitational radiation wavelength becomes comparable to the armlength. The transfer frequency is given by f * = c/(2πL), where L is the LISA arm-length and c speed of light. At higher frequencies, a more accurate representation of the LISA signal is given by the rigid adiabatic approximation for use at frequencies near the transfer frequency, but detailed analysis (Vecchio & Wickham 2004 ) have shown the low-frequency approximation should be adequate for most tasks at frequencies below ∼ 30 mHz. Space-borne gravitational wave observatories like LISA are constantly in motion, changing their relative speed and aspect with respect to astrophysical sources on the sky. The sensitivity of the observatory to different polarizations as a function of sky position is reflected in the antenna beam patterns, which have the highest gain in a direction perpendicular to the plane of the interferometer. As the observatory moves in its orbit, the gravitational wave signal is modulated in amplitude, frequency, and phase. Frequency (Doppler) modulation arises from the relative motion of the observatory and the source, amplitude modulation arises from the sweep of the anisotropic antenna pattern on the sky, and phase modulation results from the detector's changing response to the gravitational wave polarization state. The Michelson signal can be calculated using equation 3 by either holding the source fixed and putting all the motion of the detector into ℓ 1 and ℓ 2 (Rubbo, Cornish & Poujade 2004) , or by holding the detector fixed and putting the motion into the source (Cutler 1998) . Both approaches yield the same Michelson signal in the low-frequency limit:
(4) The polarization phase, ϕ p (t), represents the phase modulation. The Doppler phase, ϕ D (t), gives the frequency modulation. The amplitude modulation is described by, 
where d is the distance to the binary, i is the angle of inclination, f = 2/P orb is the gravitational wave frequency, and
is the chirp mass. We have used the approach of Rubbo, Cornish & Poujade (2004) to calculate the timestreams, which are then added to produce the total observatory data stream, which is then Fourier transformed to produce the illustrated frequency domain representation of the CRB galactic background.
RESULTS
RLOF population characteristics
The synthesized CRB population consists of 42% detached binaries and 58% RLOF systems. We use N = 28.6 × 10 6 CRBs (see § 2.2) within the 10 −4 − 1 Hz GR frequency range in the Galactic disk at the present time; of which 12 × 10 6 are detached binaries and 16.6 × 10 6 RLOF systems. Since the detached population is described elsewhere (e.g., Hills et al. 1990; Nelemans et al. 2001b; Benacquista et al. 2004) we characterize here only the RLOF CRBs.
In Figure 1 we show a representative evolution through RLOF for one of the Galactic CRBs. The primordial binary consists of two low-mass main sequence stars (1.7 and 1.2 M ⊙ ) on a wide (P orb = 14yr) and eccentric (e = 0.8) orbit. The orbit tidally circularizes when the primary (more massive) component evolves off the main sequence and eventually initiates a common envelope phase (CE). After CE which leads to drastic orbital shrinkage (P orb = 30day), the primary forms a CO WD (0.56 M ⊙ ). Next, after the secondary evolves off the main sequence, another CE phase is initiated, and the orbit shrinks even further (P orb = 4hr) and the secondary forms a He WD (0.28 M ⊙ ). Evolution to this point takes ∼ 6Gyr and it takes another ∼ 2.5Gyr for gravitational radiation to bring the system into contact and an AM CVn system is formed. The secondary (He WD) overfills its Roche lobe at the period minimum (P orb = 2.5min; see Fig. 1 ) and the RLOF phase begins. During the first ∼ few Myr mass transfer is very rapid (close to critical Eddington limit), and most of the secondary mass is transferred and accreted onto the primary. An extreme mass ratio system is formed (0.8 M ⊙ CO WD primary and 0.04 M ⊙ secondary). The next phase which takes ∼ 2 Gyr is characterized by a low mass transfer rate, and finally the secondary mass drops below 0.01 M ⊙ and it becomes non-degenerate, at which point we stop the evolution.
The majority of RLOF systems are WD-WD (99.5%) with a small number of NS-WD binaries (0.5%) and a negligible contribution of all other CRBs. For WD-WD systems we find primarily CO-He (78.8%), CO-H (8.9%) and CO-Hybrid (CO core and He envelope, 7.4%) pairs. Most of the WD-WD systems (87%) are also found to belong to the AM CVn class (helium rich donor).
Characteristic properties of the entire RLOF population are shown in Figure 2 . Most systems are found at ∼ 1 hr, with the tail extending to shorter orbital periods. The primary mass distribution peaks at ∼ 0.8 M ⊙ , with most of the systems found in the 0.5 − 1.1 M ⊙ mass range, while secondaries have in general very low mass ∼ 0.01 − 0.03 M ⊙ . The physical properties are understood within the framework of the evolution of CRBs through the RLOF phase (see Fig. 1 ). The shape of the period distribution is due to the fact that systems spend ∼ 90% of the time at periods of ∼ 1 hr during the second slow phase of RLOF. Most of the primaries are CO WDs, formed at ∼ 0.6 M ⊙ and they usually accrete ∼ 0.1 − 0.2 M ⊙ forming part of the heavy WD population, which peaks at ∼ 0.8 M ⊙ . Secondaries, regardless of type and mass at which they form, are very rapidly exhausted of mass in the RLOF phase and end up spending most of their time at the low-mass end allowed in our calculations (∼ 0.01 − 0.03 M ⊙ ).
Confusion limited noise sources
During a one-year observation period, the width of a resolvable frequency bin is ∆f = 1 yr −1 ≈ 3 × 10 −8 Hz. Below 1 mHz, there are hundreds to thousands of binaries per resolvable frequency bin, causing the signal to be confusion-limited. In the frequency range of ∼ 0.4−2 mHz, the RLOF systems dominate the number of binaries in each bin. Surprisingly, at high frequencies ( ∼ > 6 mHz), the number density of RLOF systems once again surpasses the number density of detached CRBs -although at a very low density of ∼ 0.03 binaries/bin. The number densities for RLOF systems, detached systems, and the combined population are shown in Figure 3 .
Despite the much larger numbers of RLOF systems in the low frequency, confusion-limited region of the Galactic gravitational wave spectrum, the amplitude of the gravitational wave signal at low frequencies is dominated by the detached CRBs. This is due to the fact that at that these low frequencies, the RLOF systems have undergone a significant period of mass transfer, which leaves them with much lower chirp masses than the detached CRBs. Consequently, in this frequency range, the gravitational wave amplitude of the RLOF systems is at least a factor of three lower than that of the detached systems. The spectra for the RLOF systems, detached systems, and the combined population are shown in Figure 4 .
As the average number of binaries per frequency bin drops below 1, the gravitational wave spectrum transitions from confusion-limited to individually resolvable sources. The addition of RLOF systems to the population will increase the frequency at which the average number of binaries per bin drops below one, simply by adding more sources to the population. Furthermore, as the transition frequency is increased, the spread of the signal due to the motion of LISA also increases, thus the signals will continue to overlap at higher frequencies than might be inferred from a simple analysis of the number of binaries per bin. For a simple detached system in a circular orbit whose orbital period is evolving solely due to the emission of gravitational radiation, seven parameters are needed to fully characterize the signal. Thus, at least three frequency bins are needed to resolve a source (see Hils & Bender (2000) and references therein for a discussion). One can reasonably expect that a mass transferring system will require more parameters to characterize the gravitational wave signal, and consequently more frequency bins to individual resolve the source. Therefore, the average number of binaries per frequency bin is not a particularly good indicator of how the transition frequency changes with the addition of the RLOF population.
To determine the transition frequency, we use the ζ parameter developed in Benacquista & Holley-Bockelmann (2005) which determines when the average separation in frequency space between binaries is greater than the spread of the signal due to the Doppler and phase modulation. This parameter is defined as:
where σ 2 h = h 2 − h 2 is the variance of the spectrum over a range of frequency bins (20,000 in this case) and h is the average spectrum over that same range. The value of ζ increases as the average separation in frequency space of binaries increases. If the spectrum consists of roughly 50% empty frequency bins, then ζ lies between 0.95 and 1.25 as the average signal-to-noise ratio for binaries varies from 5 to 200. When ζ is calculated for the population of detached CRBs alone, it passes through 0.95 around 3.5 mHz and through 1.25 around 4.9 mHz. For the total population of RLOF systems and detached CRBs, ζ passes through 0.95 around a frequency of 3.8 mHz, and ζ never passes through 1.25 (neglecting two small spikes in ζ around 7.5 and 15 mHz). The transition range is shown in Figure 5. 
Resolved sources
For LISA observations of length T obs the sensitivity to a binary source can be expressed by constructing a simple estimator of the signal-to-noise ratio (SNR). For circularized compact binaries, long observations will narrow the bandwidth of the source, and the binary will appear in the Fourier spectrum as a narrow spectral feature with root spectral density h b (f ), given in terms of the strain amplitude h o as 
Given the shape of the LISA sensitivity curve , h f (f ), the SNR is then estimated as
The estimate of the SNR in Eq. (9) will not be precise in the regime where orbital periods change on timescales short compared to the observation time, or where the shape of the instrumental noise changes appreciably as a function of frequency. However, this simple estimator is a good tool to use as a first cut in a search over a large population of sources where a calculation of the SNR for each binary would be computationally prohibitive. For the purposes of this paper, this estimator should be perfectly adequate since in large part the binaries of interest are not chirping across a significant portion of the LISA band during T obs . Once a set of galactic binaries has been identified using the simple estimator in Eq. (9), it is computationally plausible to consider a more robust estimation of the SNR for each system which can then be constructed from the data analysis technique of choice. For example, with chirping binaries a good estimate of the SNR can be motivated from matched filtering techniques by integrating over a binary's spectral energy distribution, dE/df (Flanagan & Hughes 1998) . We find that 9,841 detached CRBs and 14,039 RLOF systems can be resolved in our Galactic sample. This is inferred under an optimistic assumption that all binaries with a SNR > 5 have a chance to be resolved. RLOF resolved sources. Basically all of the sources are AM CVn type (He-rich donor); there are 80% CO-Hybrid and 20% C0-He WD pairs. They are characterized by ultrashort orbital periods 2 − 10 minutes, and are just starting the first rapid mass transfer phase. Donors are still rather massive ∼ 0.1 − 0.4 M ⊙ (mass transfer has just started), while masses of accretors are found in a wide range ∼ 0.7 − 1.3 M ⊙ . Detached resolved sources. These systems are found on 2-30 minute orbits, with more systems at shorter periods (close to reaching contact). Primary and secondary masses are found in a wide range ∼ 0.1−1.2 M ⊙ . CO WDs dominate among both primaries and secondaries.
The properties of resolved systems reflect some of the selection effects that are expected to arise from using LISA to identify compact remnant binaries. Systems with short orbital periods (and consequently high gravitational wave frequencies) are favored both because the amplitude of the signal scales as f 2/3 and because the number of binaries per bin drops with increasing frequency. Furthermore, systems with large chirp masses are favored simply because the amplitude of their gravitational radiation scales as M 5/3 . Thus, we see that the resolvable population of CRBs is strongly weighted toward high mass, high frequency (short period) systems. The resolvable RLOF systems are all above 1 mHz and the majority (∼ 70%) of them are above 10 mHz. Also nearly 97% of them will have a negativeḟ of 10s of bins due to the mass transfer. The bulk (∼ 85%) of the resolvable detached systems have frequencies between 1 and 5 mHz with some reaching down to 0.4 mHz. About 87% of them will be chirping toward higher frequencies, but their chirp rate will generally be less than 10 bins per year.
SUMMARY
Our results are in general agreement with the analytical study of Hils & Bender (2000) and the population synthesis study of Nelemans et al. (2001c) for the low frequency regime: the LISA signal is dominated by detached CRBs. However, in contrast to previous studies, it is found that at higher frequencies ( ∼ > 6 mHz) the RLOF systems dominate over detached CRBs. This is a direct result of the long lifetimes of RLOF systems at the second slow phase of mass transfer (see § 3.1). These lifetimes were obtained with the use of the most updated results of mass transfer/accretion calculations.
This has implications for the transition frequency between unresolved and resolved systems. It is found that the transition frequency is shifted to higher frequencies with the addition of RLOF systems. It is difficult to compare the transition frequency in our study directly with other studies since different criteria have been used in determining this frequency. In the original study of Hils et al. (1990) which neglected RLOF systems, the transition frequency at which the number of binaries per bin fell below 0.3 was close to 1 mHz, while their study that included RLOF systems found a transition frequency of about 1.6 mHz (Hils & Bender 2000) . Nelemans et al. (2001c) used the criterion that the transition frequency occurs when the number of binaries per bin drops below 1, and they find the transition at ∼ 1.5 mHz. In our study, we find that the transition frequency is i higher than previously estimated for detached CRBs and ii additionally increases due to the significant contribution of RLOF CRBs at high frequencies. Using the method described in § 3.2 the transition from confusion limited noise to resolvable sources is found at ∼ 4 mHz. Perhaps the most interesting result of our study is the possibility that the RLOF systems can form another, high frequency region of possibly confused sources due almost solely to the RLOF systems that are just beginning to transfer mass (small periods, see Fig. 1 ).
Also, we find that the majority of resolved systems are RLOF CRBs, that belong to AM CVn class. Over 80% of the resolved RLOF are CO-Hybrid WD pairs, despite the fact that they make up less than 8% of the underlying population of RLOF systems. Since the formation of these systems involves two CE events, future LISA observations may put some very useful constraints on this rather uncertain evolutionary phase. Furthermore, the majority of resolvable RLOF systems exhibit a significant frequency evolution during the course of a one-year observation. The details of the true orbital period evolution due to mass transfer (and possible tidal effects) are not well understood, and this uncertainty may impact the ability of future data analysis schemes to successfully resolve these systems and remove them from the data stream. -ζ as a function of frequency for detached CRB systems (upper curve) and for the combined population of RLOF and detached CRB systems (lower curve). Note that addition of RLOF systems increases the threshold frequency (at which ζ becomes greater than 0.95 − 1.25) below which the confusion limited noise becomes important.
